肝阻血中及び還血後の動脈血中及び肝中のアセト酢酸/β-ハイドロオキシ酪酸比 : 肝阻血動物のviabilityを知る手段 by YAMAMOTO, MASAYUKI et al.
Title
Acetoacetate/β-hydroxybutyrate Ratio in Arterial Blood and
Liver during and after Liver Ischemia : A Clue to Detect the
Viability of Ischemic Liver
Author(s)YAMAMOTO, MASAYUKI; OZAWA, KAZUE;ISSELHARD, WOLF; TOBE, TAKAYOSHI




Type Departmental Bulletin Paper
Textversionpublisher
Kyoto University
Arch Jpn Chir 52(41町 508～519,Juli, 1983 
Acetoaceta te /3・hydroxybutyrateRatio in Arterial Blood 
and Liver during and after Liver Ischemia 
-A Clue to Detect the Viability of Ischemic Liver 
:¥[ASA九l'KIYAMAMOT02, KAZUE OZAWA人＼VllL F !SSELHARDl 
TAKA九（） ~HI TOBE2 
1Institut for Experimentelle :¥Iとdiχinder I・n日er,itatzu Ki:iln (Professor Dr. ¥'. I川 Fl.IL¥R]l 
D-5000 Ki:iln 41. Federal Rupublic Germany 
2First Department of Surgery, Kyoto L'nivnsity Faculty of :¥leclicinc 
Received for Publication, April 8, 1983. 
Summary 
Prognosis of animals after liver i,chernia (LI) depends on mitochondrial phosphorylative 
activity of the liver. However, it is stil difficult to assay mitochondrial activitib clinicaly. 
In the present studyうvaryingperiods (15、30,and 60 min) of normothermic ischemia of the total 
liver followed bv restoration of blood flow were studied on Wistar rats‘in order to evaluate the 
value of ketone body ratio (acetoacetate//3 hydroxybutyrate) in arterial blood for detection of 
viability ofischemic liver目 Ketone body ratio in arterial blood well re白ぐい theketone body ratio 
in liver (the oxidoreduction state in mitochondria) and the hepatic energy charge. The tendency 
of rt"<・ovnv after restoration of blood flow was indicative for prognosis. 
Introduction 
Temporary occlusion of the hepatic artery and portal vein in order to accomplish appropriate 
hemostasi:; of the liver i:; a nt'Cts'a rv technique during operations for radical extirpation of liver 
tumor, isolated perfusion chemotherapy against hepatic cancer、treatmentfor major hepatic 
trauma or liver transplantation. 
Experimental and clinical studies have revealedは ratherlimited tolerance of the liver to 
ischemia2,41‘ Hepatic cell necrosis due to ischemia"・4,9,12,14,24,2s1 and other hepatic or extra 
hepatic factors such川 activitiesof the reticuloendothelialげはじm'' hepatic outflow block 
syndrome28l release of vasoactive引1川tan何＇ 1s1 including endotoxin夙 lethale恥ctsof portal 
pooling of blood 11, and hyperkalaemia 6> have been intensively studied a:; possible cau問、 of
death. 
It has btcn particularly indicated that the viability of liver or the prognosis of animals after 
liver ischemia depends on mitochondrial phosphorylative activities in the liver8•12•28>. However, 
it is stil difficult to ac;:;ay the mitochondrial activity for clinical purposes. 
Kev words: Li、nischemia‘Ketone body ratio. Energy charge, Oxiclorecluction state. 
索引語： rf[血肝，ケトン体比，エネlレギーチャージ‘酸化還元状態
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In社previouswork271‘it was reported that the acetoacetate／戸 hydroxybutyrateratio (AcAc/fJ-
BOH) in arterial blood correlated both with the ratio in liver and the hepatic energy charge (EC), 
(ATP十1/2ADP)/(ATP+ADP+AIVIP）司 aparameter of intracellular energy status11 The 
ratio in liver represents the ratio between oxidized and reduced forms of free nicotinamideadenine 
dinucleotides (NAD+/NADH ratio) in the mitochondrial compartment of liver291 
The同 ketonebodies are produced only in the liver; they are not oxidized in th巴liver,but 
delivered to peripheral tissues19>. The concentration of ketone bodies in blood represents the 
balance between their production by liver and their utilization by peripheral tissues. Therefore, 
the analysis of ketone bodies in arterial blood is more informative with respect to liver alterations 
than measurements in peripheral venous blood. 
In this study an effort has been made to determine a relationship between ketone body ratios 
in liver and arterial blood during and after LI. The ketone body ratios are further compared 
with the hepatic energy charge and pyruvate/lactate ratio which reflects the oxidoreduction state 
in cytoplasmic compartment of liver29> 
Materials and Methods 
Male Wistar rats weighing 200 250 g were maintained on a balanced laboratory chow and 
water ad libitum 1 week before treatment. Food was withdrawn 15 hours before the experi-
ments. The rats were anesthetized with an intraperitoneal injection of 25 mg of pentobarbital 
sodium per kg body weight and fixed on a surgical board in a supine position. A midline 
laparotomy was performed. About 30 to 60 min after the injection of pentobarbital sodium, 
when anesthesia became lighter and some reflexes returned, LI was induced by clamping the 
entire gastrohepatic ligament including the hepatic arteηr, the portal vein and the common bile 
duct. About 10 mg/kg of pentobarbital sodium was readministrated intraperitoneally, if 
necessary at least 30 min before the specimen sampling. 
The experiments were performed in four groups. In group 1, the mean arterial blood 
pressure (MABP) was measured before, during and after LI of varying duration. A teflon tube 
of 0.8 mm inner diameter was inserted into the abdominal aorta via the left femoral artery; after 
administration of 500 units of heparin, it was connected with a Statham strain gauge and 
a Hellige monitor. In group 2, about 1 g ofthe left lateral lobe of liver was sampled by means 
of the Wollenberger freeze stop-technique30>, in order to assay metabolites in liver under varying 
experimental conditions: a) controls sampled 30-60 min after induction of anesthesia, b) data 
from rats 1 hour after sham-operation consisting of the separation of the gastro hepatic ligament 
without ligation, and c) data at various points of time during and after LI. In group 3, metabo-
lites were measured in the arterial blood under the same conditions like in group 2. About 
1 ml blood was withdrawn without sucking from the abdominal aorta into a syringe containing 
1 ml lOo/o(w/w) ice cold perchloric acid. Specimens on the 5th day after restoration of hepati《
blood但owwere sampled in the same manner as in control rats. In group 4, specimens of liver 
tissue and arterial blood were sampled simultaneously, in order to control and ascertain the 
results in group 2 and 3 and to correlate the ketone bodv ratio in arterial blood to that in the 
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liver and the hepatic energy charge・ Theleft lateral lobe w出 frozenbetween pre-cooled tongsao1, 
the remaining liver lobes were clamped with curved forceps for hemostasis without pulling liver 
downward, the frozen liver lobe was severed and both the tissue and tongs were transferred into 
liquid oxygrn‘ Immediately thereafter, blood was withdrawn from the abdominal aorta. 
Tissue specimens and blood samples were prepared and extracted as previously described211. 
( ・oncentrations of acetoacetatc (Acソ主川町 ,8-hydroxybutyrate（βBOH), pyruvate, lactatムATP,
ADP, and Al¥J P were measured enzymatically with approved methods71. The energy charge11 
W礼子、 calculatedas (ATP十1/2ADP)/(ATP十ADP斗AMP).
All results are expressed as mean土：－；E !¥l. The signi五cancebetween means was determined 
by :-;tudent、tte't 
Results 
The changes in the metabolic pattern of liver in group 2 and arterial blood in group 3 during 
and after LI of 15 or 30 min duration were identical with those in group 4. However, in group 4 
it W出 foundmethodically insu伍cientto obtain liver and blood samples simultaneously after 60 
min LI. DιlLt on 60 min LI without and with resumption of liver perfusion refer to groups 2 
and 3 only, while all other metabolic data were obtained from group 2 to 4. The correlations 
between metabolic changes in liver and blood were solely derived from group 4 experiments. 
:¥ r ort：ιdity: There were no deaths either in control and sham-operated rats or in rats submitted to 
up to 15 min of LI without and with resumption of liver circulation. During recovery from 
30 min LI, two of ,jx rけい（33%)in group 1 and 21 of 58 animals (36%) in group 2 to 4 died within 
60 min. In experiments designed for a 5 days' follow-up in groups 2 and 3. four of 12 r泣い（24°も）
りよpired50 to 60 min after induction of LI. l' pon restoration of blood flow after 60 min LI守
al rats (4 in group 1, 13 in group 2 and 3) died within 30 min. 
Blood Pre：、日1n、＇＞ IABP(group 1, Fig. 1) averaged under control conditions 111 torr. Upon 
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Fig. 1. '¥I九Bl'(xゴメlミM)during liver isdwm1a （一一） and upon restoration of Jj,・er blood 
flow after 7, 15. 30, and 60 minutes of liver ischemia （ー ）ー rc,pectivじIv
:-i um lier of experiments in brackets 
本notsignificantly different from control before liver ischemia 
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After 60 min, it averaged 29 torr. Restoration of liver circulation after 15 min LI resulted in 
a normal l¥IABP within 15 min. After 30 min LI, the control range was reached within 60 min 
in surviving rats. :¥IABP decreased continuously after an initial recovery in irreversibly damaged 
animals. After 60 min LI, l¥JABP only recovered poorly and transitorily. 
Adenine Nucleotides (AN): The tissue levels of AN in the liver (Fig. 2) were identical in 
control and sham-operated rats. LI resulted in a significant decrease in ATP (p<0.001) and 
total A:'¥ (p<0.01) and a significant increase in AMP (p<0.001) within 15 min, while ADP did 
not change. The total AK (TAN) decreased further (p<0.01) with prolonged LI. Restoration 
of blood flow after 15 min LI returned the tissue levels of AN to normal ranges within 15 min. 
Rats surviving a LI of 30 minutes' duration also exhibited a definite but retarded recovery of 
A:¥ upon restoration of the liver circulation, and the values had reached the control range within 
5 days. In rats which died after LI of 30 minutes' duration, the liver A:¥ did not show any 
significant change in comparison to the values at the end of LI. The same was true for livers 
of rats after 60 min LI. 
Ketone Bodies in Liver and Blood: The liver tissue levels and the concentrations in arterial 
blood of the ketone bodies AcAc and ,8-BOH (Fig. 3) exhibited considerable individual variations 
under the various experimental conditions. In spite of that, some alterations were very distinct. 
The alteration from control to sham operated rats resulted in significant increases (p<0.05) in 
liver AcAc and ,8-BOH, while the blood levels of these ketone bodies were not significantly 
affected. During LI, AcAc、inliver and arterial blood exhibited a drastic decrease within 15 min 
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Fi邑・2. ATP, ADP, AMP and total adenine nucleotides (TAN) (/L mol/g、vetliver) of 
control (C) or sham-operated (Sh) rats and of rats surrendered to liver ischemia 
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AcAc and ,8-BOH in the liver(μ, mol/g wet liver) and arterial blood(μ, mol/ml) of 
control (Ci or sham-operated 川hirats and of rats surrendered to liver ischemia 
without and with reperfusion (for n se Table 1, x士SE:¥li
Open symbols, solid lines: Li、げ
Filled symbols, dashed lines: Blood 
Symbols and dotted lines: Animals died during recovery from Ii、erischemia. 
Liver lschem1a 
Fig. 3. 
both in comparison to the results in control and sham-operated animals (p<0.001）.βBOH 
in liver increased signi五cantlyduring LI in relation to the control (p<0.001). The arterial blood 
concentration of戸－BOHヲ however,already decreased significantly after 15 min LI (p<O目。1)
and continued to decrease during the consecutive 45 min (p<0.01). Restitution of blood flow 
after 15 min LI resulted in a prompt increase in AcAc (p<0.05) and decrease in ,8-BOH (p< 
0.001) in the livヒr A.t 5 days、theyreached the lower range found in sham-operated animals. 
The LI-induced significant reduction in the blood concentartions was slowly compensated 
within 5 d町人 ifthe values were compared with those in sham-operated animals. In rats, the 
liver of which was rendered ischemic for 30 min and which survived, the tissue level of AcAc 
continually rose (p>0.05 at 30 min of recovery), while liver戸BOHtended to decrease. After 
5 days唱 thetissue level討 ofketone bodies tended to b巴 higherthan the control levels but lower 
than the kn・b in the sham-operated group. The changes in the blood concentrations largely 
paralleled those in the liver. Acλc and ,8-BOH in liver and blood did not change post-is-
chemically in rats which did not survive 30 min LI and in rats surrendered to 60 min LI. 
Lact<1te and Pyruvate in Lin・r and Blood: Lactate and pyruvate tissue levels and arterial 
blood concentrations (Fig. 4) were not si広nificantlydifferent in control and sham-operated rats 
In the ischemic liver, lactate accumulated significantly (p>0.001 at 30 min), while pyruvate 
dcnL・asecl (p<0.05 at 60 min). Blood lactate and pyruvate increased continuously during 
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Fig. 4. Pyruvate and lactate in the liver (μ mol/g wet liver) and arterial blood (μ mol/ml) 
of control (C) or sham-oeprated (Sh) rats and of rats surrendered to liver ischemia 
without and with reperfusion (for n se Table 1, X土SEM).
Open symbols, solid lines: Liver 
Filed symbols, dashed lines: Blood 
Symbols and dotted lines: Animals died during recovery from liver ischemia. 
th巴periodof LI ; the increases were signi五cantalready after 15 min (p<0.001 for lactate, P< 
0.01 for pyruvate). Upon resumption of liver perfusion after 15 and 30 min LI, lactate started 
to decline in the liver tissue and the blood. Recovery was slower with prolonged periods of LI. 
At 60 min of recovery, the values were stil significantly elevated (p<0.01 at least). At 5 days, 
the tissue levels and blood concentrations were within the control levels. In rats which did 
not recover from 30min LI or which had been surrendered to 60 min LI, there were no significant 
changes in liver tissue or blood in comparison to the values found at the end of the period of LI. 
During the first hour of recovery from 15 or 30 min LI, the liver tissu巴levelof pyruvate readily 
increased, while the elevated blood concentrations of pyruvate exhibited litle changes. Animals 
which did not recover from 30 min LI or had 60 min LI showed no post-ischemic increase in liver 
pyruvate. At 5 days, the tissue levels and blood concentrations were within the control ranges. 
Metabolic Ratios: EC in liver, the ratio AcAc/(3 BOH in liver and arterial blood, and the ratio 
pyruvate/lactate in blood (Fig. 5) were not significantly different in control and sham-operated 
rats. The pyruvate/lactate ratio in liver increased (p<0.05) in sham operated animals in 
comparison to the controls. Induction of LI altered the metabolic ratios in the same direction. 
Within 15 min, EC decreased from 0.80 to 0.26 (p<0.001), the ratio AcAc/(3-BOH in liver and 
blood dropped from mean values between 0.45 and 0.65 to values below 0.08 (p<0.001）、 and



























L 1ver lschemia Recovery from Liver lschem1a 
Fig. 5. The c・ncrgv charge、AcAc/,8-BOH,and pyruvate/lactate of control (C) or sham-
opera It'd (Sh I rats and of rats surrendered to liver ischemia without and with re-
perfusion (for n司ヒ Table1. x士川Eλ11ー
Open symbols, solid lines: Li、げ
Filled symbols, dashed lines: Blood 
Symbols and dotted lines: Animals died during recoveη’from liver ischemia. 
0.88 (p<0.001) and 3.62 (p<0.001) respectively. During the further course of LI. there were 
minor changes only目 WhenLI was suspended, there were no changes in the liver and the 
arterial blood of those animals whiぐhdid not recover from 30 min LI or which had undergone 
Survey of numbers of animals used in the experiments depicted in Fig. 
2, 3 and 4 for analysis of adenine nucleotides in liver tissue/ketone 
bodies, lactate and pyruvate in liver tissue/ketone bodies, lactate and 
pyruvate in arterial blood. 
Table 1. 
30 min 60 min 5 days 
9/11/12 i 5/ 7 /12 i 5/ 5/ 5 
6/ 6/ 6 I 
7/ 7/ 71 
Recovery from Liver Ischemia 
5/ 5/ 5 6/ 6/ 6 I 
6/ 6/ 6 
None 3 min 10 min 
: 10/10/13 I 11/11/10 I I 
11/10 /11 I I I 
I 5/ 5/ 6 ; 5/ 5/ 6 I 
7/ 7/12 ! 
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Table 2. Correlations between metabolic data in liver tissue and arterial blood 
during and after LI of 15 or 30 minutes' duration. 
「~！ Cor町lationequa 
AcAc/,8-BOH in liver (x) i I I I i 33 I y=0.857x十o.302 I o.sn I o.001 Hepatic EC (y) I I I I 
AcAc/,8-BOH in arterial blood (x) I I I I 
I I v=l. 050 x 0. 012 I 0. 835 I 0. 001 A山静BOHin liver (y) i I , l I 
AcAc/,8-BOH in arterial blood (x) I I I I I ! y=0.986x十o.263 I o.794 I o.001 
Hepatic EC (y) I I I I 
Pyruvate/Lactate in arterial blood (x) I I I I I 33 I y=0.03lx+0.354 I o.6811 0.001 
Hepatic EC (x) I I ! I 
Correlation between 
60 min LI. During recovery from 15 min LI, there was a signi五cantincrease in EC (p<0.001), 
AcAc/,8-BOH ratio (p<0.001) and pyr山 ate/lactateratio (p<0.05) of the liver tissu巴aswell as 
in the ratio AcAc/,8-BOH in blood within 3 min. The control ranges were reached within 
30 min. The pyruvate/lactate ratio recovered more slowly, but was normal within 5 days. Rats 
surviving 30 min LI exhibited a retarded recovery of metabolite ratios in comparison to 15 min 
LI. There was an increase in EC to 0.54 (p<0.01) and 0.60 (p<0.001), in the ratio AcAc／β 
BOH of the liver to 0.17 (p<0.05) and 0.22 (p<0.01) and in the blood to 0.26 (n.s.) and 0.34 
(p<0.05) respectively after 30 and 60 min recovery, while the changes in the pyruvate/lactate 
ratio of liver and blood were negligible. At 5 days, al metabolite ratios under investigation 
were within the ranges found in control or sham-operated rats. 
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Fig. 6. Relationship between the ketone body ratio in arterial blood(¥. I and in liver lyl 
during and after 15 and 30 min LI. 
0 sham operated rats (mean士SEi¥l I 
口controlrats (mean士出E'¥1
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alterations in liver and arterial blood during and after LI of 15 or 30 min duration, which are 
summarized in T且ble2 and Figure 6. 
Discussion 
メurvivalof animals after LI is a function of the duration of LI. 入Jetはbolicdisorders which 
determine the animals’life during and after LI may be devided into hepatic and extrahepatic 
factors. The most important factor is the necrotic、changeof liver due to anoxia. Prolonged 
LI is characterized by mitochondrial swelling and the dilatation and fragmentation of the endo-
plasmic reticulum 4l. The cells progress from a stage of reversible alterations to a stage of 
irreversible alter川ions. Deerぐ山elsupplies of glucose20) 札口d ketone bodies to peripheral 
tis，、ueslead to finally irreversible changes in peripheral organs251. The extrahepatic factors 
resulting from LI become metabolic loads on the damaged liver after resumption of hepatic blood 
flow. E gぅinterruptionof hepatic blood flow inhibits the Coriってleand induces lactacidosis3l. 
The inhibition of the urea ＜れ、leresults in hyperammonemia 1 7>. l; pon restoration of blood flow, 
ATP demands in tht白 damagedliver for gluconeogenesis and cletoxication processes are not 
negligible and deteriorate the intracellular energy balance17l . 
. ¥lthough there are numerous events taking place after recirculation of blood, the viability 
of liver rnn be ,・onsiclered to depend on the balance between the capacity of ATP synthesis in 
mitochondria and the extent of accumulated metabolic loads. If the damaged mitochondria 
仁川口otcompensate energy demands to sustain intracellular energy level日innormal limits, the 
metabolic disorders in liver together with those in peripheral tissues lead to the animals' death. 
After interruption of blood flow, EC‘and oxidoreduction stat引 inliver mitochondria and cyto 
plasm decreased to very low levels within 15 min. It is apparent that after depletion of energy 
stores in the early stage, liver mitochondria did not function to sustain the intracellular energy 
levels in normal limit討 dueto anoxia and lack of substrates. However, completely diferent 
processes of recovery from LI of 15, 30 or 60 min imply that necrotic damages in liver during 
15 min LI were relatively small and the intact mitochondria could produce energy immediately 
after recirculationヲwhiledamages at 1 hour became so intensive that mitochondria which had not 
been damaged irreversibly could not compensate incoming metabolic overload匂 Thepattern of 
recovery after 30 min LI indicates that the mitochondria I damages were critical and only those 
mitochondria which could overcome incoming energy dem川 dsduring the first hour of recovery 
apparently wereょtbleto survive白nally. It has been also certified by histological studies that the 
tolerance to ischemia of rat liver cells lメlimitedto 30 to 45 min21 or does not exceed 60 min4l. 
In spite of the large individual scattering, AcAc and f3BOH exhibited a characteristic and 
n‘producible change during and after LI The change may indicate some biochemical aspects 
of liver ischemia relating with the oxidoreduction state1a,1s）司 butsignificant changes of ketone 
bodies、insham-operated rats imply that th巴 absoluteti州 uぐ levebalso reflect other metabolic 
f川、tors.such 山 influe郎、出 ofはnesthesia,and are less reliable thはnthe ratio for determining the 
hepatic energy levels. 
The pyr山口te/lactateratio in liver ('hanged parallel to the AcAc／戸－BOHratio and the EC 
BLOOD AND LIVER KETONE BODIES I'.¥ LIVER ISCHEMIA 517 
during and after LI. Since the oxidoreduction state in cytosol is linked to that in mitochon-
dria by the malate-aspartate shuttle mechanism 21l, these results may be reasonable. However, 
pyruvate and lactate, different from ketone bodies, are produced not only in the liver but also in 
other tissues. Lactate accumulated in the peripheral tissues during the period of hypotension 
accompanying LI, can be washed into the circulation after restoration of blood pressure. Due 
to this fact、thepyruvate/lactate ratio or lactはtein arterial blood after resumption of liver circu-
lation might be not directly indicative for the intrahepatic energy status. 
The question of the critical period of LI has been intensively studied. Such studies 
should pay attention to important anatomical differences between species such as the extent 
of sphincter in the hepatic vein23＞フ differentportal supply inside the liver10>, different rate of 
portopetal shunt221, etc. In rats, the sphincter is very poorly developed and hepatic venous 
drainage therefore could be better than in dogs, rabbits or human beings during afferent circu 
latory interruption. It is possible that blood retrogradely enters the liver via the hepatic veins 
to some extent during LI. That might be, at least in part, the explanation for the result that 
the ketone bodies in arterial blood did not disappear during LI and that the ratio varied between 
15 and 30 min. 
In the present study the ketone body ratio in arterial blood well correlated with the ratio in 
liver and with the hepatic energy charge. If the ketone body ratio in arterial blood is assayed 
repeatedly according to a certain time schedule, it may be possible not only to know the 
mitochondrial oxidoreduction state in situ, but also to detect the mitochondrial capacity from a 
tendency of the recovering pattern and the viability of animals. 
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おいても，肝 Mt分画の NAD＋ノNADH比．肝 EC
とよく相関して変動し，予後不良例では阻血時に低下
したケトン体比は還血後も回復しなかったか，生存例
ではケトン体比の回復をみた．還血後のケトン体比の
回復傾向の分析が予後判定に有用である事が示唆され
た．
